We have determined the enthalpies of sublimation of 3,5-di-tert-butylpyrazole (3), 3,5-diphenylpyrazole (4), 4-nitropyrazole (5), 3,5-dimethyl-4-nitropyrazole (6), 3,5-di-tert-butyl-4-nitropyrazole (7) and 3,5diphenyl-4-nitropyrazole (8); those of pyrazole (1) and 3,5-dimethylpyrazole (2) were already known. The effect of the C-substituents (Me, Bu t, Ph and NO2) on the enthalpies of sublimation of pyrazoles and benzenes are additive and linearly related. Moreover, we report the structure of three of these 4nitropyrazole derivatives, (5), (7) and (8), which have been solved by X-ray crystallography; those of the remaining five compounds were already known. Except for (8), there appears to be an opening of the intramolecular angle at C(4) due to the presence of the nitro group, that, on the other hand, seems to have no correlation with the presence of the hydrogen H(I)/H(2) disorder. Crystal structure diagrams and intermolecular contacts were analysed for either
Introduction
We are in the process of carrying out a systematic study of the properties of NH-pyrazoles in the solid state by X-ray crystallography (Llamas-Saiz, Foces-Foces, Elguero & Meutermans, 1992; Foces-Foces, Cano & Elguero, 1993; Foces-Foces, Llamas-Saiz, Claramunt, L6pez & Elguero, 1994; , ~3C and ~SN solidstate CPMAS NMR (Smith et al., 1989; Aguilar-Parrilla, Scherer et al., 1992; Aguilar-Parrilla, Cativiela et al., 1992) and thermochemistry (Colomina, Jim6nez & Turri6n, 1982; Jim6nez, Roux, Turri6n & Gomis, 1987; Elguero et al., 1991; Jim6nez, Roux & Turri6n, 1992) . Due to the lack of studies relating these properties of the solid state, it is necessary to compare a set of compounds large enough to have a chance of discovering some general rules. In the present paper, a series of four pyrazole pairs, without and with a 4-nitro substituent, will be examined.
The aims of this study are: (i) to discuss the molecular geometries with special stress on the effect of the nitro group; (ii) to classify the eight pyrazoles (1-8) according to packing patterns, particularly N--H...N hydrogen bonds (secondary structure); (iii) to try empirical relationships between the crystal structure and some thermodynamical properties, such as solution pKa's and heats of sublimation.
Experimental
Compounds (5)-(8) were prepared according to known procedures; the first three by a nitration of the corresponding pyrazoles (1-3) and the last one by oxidation of 3,5-diphenyl-4-nitropyrazole [nitration of 3,5-diphenylpyrazole (4) Elguero et al. ( 1991 ) . § Determined from the sublimation enthalpies at 0 temperature and from the values of Cp in the condensed phase determined in our laboratory by DSC and the values of Cp in the gas phase calculated with the group contributions of Rihani & Donaiswamy (1965) . (Marti, 1973) indicated that the mole fraction of impurities of (3), (4), (6) and (7) was less than 0.001. The method cannot be used for compounds (5) and (8), since they decompose on melting.
X-ray structure determination. Table 3 contains the crystal data and refinement parameters for (5), (7) and (8). The structures were solved by direct methods and refined by least-squares procedures. The calculations were performed on a VAX6410 computer using the following set of programs: SIR88 (Burla et al., 1989) , DIRDIF (Beurskens et al., 1984) , XRAYSO system (Stewart et al., 1976) , XTAL3.2 (Hall, Flack & Stewart, 1993) , PESOS (Martinez-Ripoll & Cano, unpublished) and PARST (Nardelli, 1983) . The metric of (5) is obviously pseudorhombohedric; proofs on the symmetry rejected the possibility of a rhombohedral cell, the slight variations being enough to keep this structure as triclinic. The structure of (8) was solved in the P2~ space group, but the four independent molecules obtained in this way did not refine properly. The molecules were related in pairs by symmetry centers, but its relative position was incompatible with other space groups of higher symmetry. The correct solution was found in P2~/c, with one 'complete' molecule and two halves related by a pseudo-symmetry center at 1 1 (2,0,z) in the asymmetric unit. Each of these half molecules generates a model of disorder through a crystallographic symmetry center. The atomic scattering factors were taken from International Tables for X-ray Crystallography (1974, Vol. IV) . Fractional atomic coordinates for (5), (7) and (8) are given in Tables 4-6.*
Results and discussion

Thermodynamics
The values of AvapH ° (in kJ mol-l) for benzene 33.8 (Osborne & Ginnings, 1947) , toluene 38.0 (Scott et al., 1962) , tert-butylbenzene 48.1 (Prosen, Johnson & Rossini, 1946) , phenylbenzene (biphenyl) 81.8 (Montgomery & Rossini, 1978) and nitrobenzene 56.1 (Lebedeva, Katin & Akhemedora, 1971 ) have been reported. Since we have a collection of aromatic compounds (mono-substituted benzenes and disubstituted pyrazoles) with the same series of substituents, we have represented in Fig .4 kJ mol-l (in this case the experimental value for the disubstituted benzene is known and the additivity can be tested, m-xylene, AvapH °= 42.7, i.e. tSglvapH 0 = 8.9 kJ mol-i). The reasoning behind Fig. 1 assumes that there is a direct relationship between enthalpies of sublimation and enthalpies of vaporization, i.e. that enthalpies of melting are constant or proportional to the enthalpies of vaporization. Although the model is rather rough, the result is surprisingly good, and some small deviations are noted that we will try to explain based on crystallographic evidence (see 'Relationships between crystallography and thermodynamic properties').
X-ray crystallography
Molecular structure. The structures of the following pyrazoles have been published: (1) (LaTour & Rasmussen, 1973) , (2) (Smith et al., 1989) (3) (Aguilar-Parrilla, Limbach, Foces-Foces, Cano & * Lists of structure factors, anisotropic displacement parameters, H-atoms parameters, complete geometry, torsion angles and least-squares planes data have been deposited with the IUCr (Reference: HE0089). Copies may be obtained through The Managing Editor, International Union of Crystallography, 5 Abbey Square, Chester CH1 2HU, England. (5) 99 (1) 0(8(7) 0.8028 (3) 0.8753 (4) 0.1975 (5) 101 (2) Table 5. Final atomic coordinates and Ueq for (7)
0.0882 (2) 0.2282 (3) 0.4106 (2) 604 (9) C(8) 0.0709 (2) 0.3398 (2) 0.2262 (2) 520 (7) , 1993) . Selected geometrical parameters for (5)--(8) are given in Table 7 [the geometry of the disordered molecules of (8) is omitted]. The only significant difference amongst the three independent molecules of (5) is the C(4)--C(5) bond distance of molecules A and B, as tested by halfnormal probability plots (Abrahams & Keve, 1971) . Their pyrazole rings do not deviate significantly from planarity (~2 in the range 0.25-0.86 versus the tabulated value of 5.99). The presence of bulky substituents (tert-butyl or phenyl groups) in positions 3 and 5 causes the loss of planarity of the pyrazole ring [g 2 = 83.17 and 49.72 in (7) and (8)]. The increase of the torsion angles of the phenyl tings when (4) and (8) (4) 40 (1)
0.5435 (4) -0.0048 (10) 0.0807 (6) 107 (4) (6) 48 (2) 0(320) 0.4170 (5) 0.1945 (5) -0.0070 (6) 54 (2) disordered are present in the four pairs of compounds (1-5 .... 4-8) . When the H atom is localized at N(1) it is involved in hydrogen bonds with the nitro group.
The influence of a 4-nitro group on the geometry of pyrazoles. To discuss this point, we will follow the same procedure that we have already used for Nsubstituted pyrazoles (Llamas-Saiz, Foces-Foces & . In order to differentiate between intrinsic effects, that is, effects which are characteristic of the isolated molecule, and crystal packing effects, high-level ab initio calculations are necessary to determine the geometry of the isolated molecule. According to Pople (Hehre, Radom, Schleyer & Pople, 1986) , 6-31 G**//6-31G** calculations provide good-to-excellent molecular geometries.
Using the Gaussian92 series of programs (Frisch et al., 1992) , the geometry of 4-nitropyrazole (5) planar and perpendicular (q~ = 0 and 90 °) was calculated (Table 8) . Nitrobenzene, with the same conformation, was also calculated for comparative purposes. The nitrobenzene geometries were identical to those obtained at the 6-31G*//6-31G* level (Ritchie, 1988) . The most characteristic effects of the nitro group in benzenes are the angular deformations; in crystals these deformations amount to 2.9 (2), -1.9 (1), 0.3 (1) and 0.4 (2) ° for Cipso , Cortho, C,,,e,,, and Cp .... respectively (Domenicano & Murray-Rust, 1979) . The corresponding 6-31G** values (Table 8) The tert-butyl substituent closes the angles at C(3) and C(5) in (3) with respect to the pyrazole itself (1) ~" (La Tour & Rasmussen, 1973) . The opening of the "~ 60 angle at C(4) due to the nitro group (see below) ¢1 increases, in (7), the effect of the tert-butyl group at ~' ._, C(3) and C(5) ( Table 7) . The methyl and phenyl ~ 40 groups in the series (1, 2, 6) and (1, 4, 8) follow the same tendency, considering the mean values of angles at C(3) and C(5) [the averaging is necessary in the case of pyrazoles with disordered N--H hydro-20 gen, since this disorder symmetrizes the pyrazole ring in compounds (5) and (6)]. In 3,5-dimethylpyrazole (2) and its corresponding nitro derivative (6), only o one half of the molecule is crystallographically independent.
There is no relationship between the presence or absence of the nitro group and the hydrogen disorder of N--H. All possible combinations H-ordered/H- 
. . (7) , R = C(CH3)3 (8), R -= C6H 6 1.361 (2) 1.350 (6) 1.329 (2) 1.339 (6) 1.415 (2) 1.443 (6) 1.389 (2) 1.417 (6) 1.337 (2) 1.299 (6) 1.523 (2) i.477 (6) 1.522 (2) 1.479 (6) 1.437 (2) 1.382 (6) 1.218 (3) 1.257 (5) 1.219 (3) 1.239 (5) 113.6 (1) 115.4 (4) 106.5 (1) 105.7 (4) 107.7 (1) 108.3 (4) 108.4 (1) 105.3 (4) 103.8 (1) 105.1 (4) 120.9 (1) 122.2 (4) 131.3 (1) 129.1 (4) 122.2 (3) 119.7 (4) 133.9 (1) 135.0 (4) 126.0 (2) 126.3 (4) 125.5 (1) 126.4 (4) 118.3 (2) 119.4 (4) I 19. ! (2) 120.4 (4) 122.6 (2) 120.1 (4) -45.7 (3) -0.2 (6) 20.0 (2) 43.9 (7) 11.5 (2) -44.8 (7) For (1) Torsion of the nitro group in nitrobenzene has little influence on the benzene geometry [the C(1)--N(3) bond length is increased by 0.005 A], although resonance interaction is lost in the ~ = 90 ° conformation. The situation in 4-nitropyrazoles is different, since pyrazoles are r-electron-rich compounds (Elguero, 1984) and, consequently, charged resonance forms like (5b) are more important than the corresponding resonance form in nitrobenzene. 
The calculated geometry for 4-nitropyrazole ~ = 0 °, which corresponds to the energy minimum, is in excellent agreement with the average experimental geometry of (5) ( Table 7) . This shows that packing effects can be neglected in a first approximation. The calculated effect of the nitro group on the C(3)---C(4)--C(5) angle is 2.1 °, a little smaller than in benzene, but a pentagon is more difficult to deform than a hexagon. The experimental effect depends on pyrazole pairs (when several independent molecules are present in the unit cell the average value has been calculated): (5) (106.5°)-(1) (104.4°)=2.1 °, (6) (107.0°)-(2) (106.3°) = 0.7 °, (7) (108. Pyrazole (1) too small, maybe due to the fact that these compounds show proton disorder which affects the uncertainty of the difference (Smith et al., 1989; Foces-Foces, Cano & Elguero, 1993) . Finally, the value for (8) (105.3 ° ) is abnormally low; this compound with its very short C(4)--N(3) bond length (1.382 ,~) and its very long N(3)--O(1,2) bond length (1.248 A) behaves as a pyrazole with an exaggerated mesomeric effect [as if resonance form (5b) would be more important than that in 4-nitropyrazole itself]. This could be related to the small value of the C(3)--C(4)---C(5) angle and with the angular torsion of the phenyl substituents. Other nitropyrazoles, like the pair of tautomers of 3,5-methyl-4-nitropyrazole (Foces-Foces, Llamas-Saiz, Claramunt, L6pez & Elguero, 1994), show C(3)--C(4)--C(5) angles similar to those of (5) and (6).
The torsion of the nitro group produces modifications of the calculated geometry of 4-nitropyrazole. Comparing the q~ = 0 ° and q~ = 90 ° geometrical parameters of Table 8 , some differences can be noted, the most significant being the expected lengthening of the C(4)--N(3) bond, + 0.028/~, due to the suppression of the resonance interaction. The effect is 5.6 times larger than in nitrobenzene. Assuming a sin2~0 variation, the experimental and calculated value for ~o = 0 ° (AR[C(4)--N(3)] = 0 •), the calculated value for q~ =90 (AR = 0.028 A) and the experimental value for ~o=45.7 ° [(7-5), AR= 0.011 A] are related by AR (A) = -0.001 + 0.028 sin2q~, r 2 = 0.98.
Crystal packing
The packing of the eight structures could be classified into two main general modes. The first is present in (1), (2), (5) and (6) and the second in the rest of the structures, (3), (4), (7) and (8), see Figs. 2-9. Tables 9 and 10 describe the main interactions involved in the packings, including the hydrogen bonds, according to the numbering system given in the Introduction. We will describe the packing in terms of structural levels: atoms form molecules (primary structure, lry S), molecules interact strongly to produce groups (through, for example, hydrogen bonds) of molecules, which form the secondary structure (2ry S); these groups associate in motifs through less strong, yet directional forces (tertiary structure, 3ry S), which give rise to the crystal (quaternary structure, 4ry S) by means of weaker and isotropic interactions; some levels may be absent.
The first model mentioned is based upon the symmetrical packing presented by structure (2) (Fig. 2) , the others being viewed as deformations of this. The secondary structure, built by the strongest interactions, is formed by trimers through hydrogen bonds involving the disordered H atoms; the next step in the packing (3ry S) is due to H-..H contacts between trimers to form sheets perpendicular to the c-axis; the sheets are compacted, one with each other, to give the crystal (4ry S) by H---ring interactions (see Table 8 ) and an intersheet distance of 3.499 A. Table 9 . Main interactions building the packing in the structures of(l), (2), (5) and (6), showing the symmetry involved in the interaction and, in parentheses, the corresponding structural level II represents the centroid of the indicated ring. Ck is the packing coefficient as measured by the ratio: van der Waals' molecular volume/unit-cell volume.
Interatomic distances (/~)
(2): Ck = 0.68 N(2)--H(2)...N(2) 2.899 (14) 2.12 (12) 168 (6) 2 -x, 1 -x + y, ~ -z (2) N(2)---H(2)...II(1-5) 4.041 (11) 3.17 (9) 170 (9) 2 -x + y, 1 -x, z 3.36 (10) 2.56 (12) 139 (6) ] + x -y, -] + x, ] -z (3) C(6)----n(61)...rl (1) (2) (3) (4) (5) 3.721 (9) 3.58 (8) 92 (5) ~ -x, ] -y, ] -z (4) C(6)----H(61).. .H(1-5) 4.459 (9) 3.92 (8) 120 (6) ~ + x -y, -~ + x, ~ -z (4) C(6)---H(62).-.II (1) (2) (3) (4) (5) 3.721 (9) 3.13 (8) 121 (7) ] -x, ] -y, ] -z (4) The packing in the structure of (5) is a slight deformation of that of (2) and yet dramatically changes the descriptive symmetry. This packing of (5) is pseudo-rhombohedral, with new axes A = c-b, B=a+b and C=b+c-a (see Table 11 and Fig.  3) , very similar to those of (2), which lacks the NO2 group but bears methyl groups at positions 3 and 5. The packing also presents sheets of trimers; there are six sheets per C axis, giving 3.193 A intersheets and 119.87A 2 per trimer (the pseudo-hexagonal base area). Again the trimers (see Table 9 ), including the disordered H atoms, are held by hydrogen bonds, while here the sheets are formed by C--H--.O2N interactions (3ry S) and the sheets are compacted to give the crystal by ring/H...ring interactions. All trimers are equally oriented within a sheet; the center of trimers and the orientation of them with respect to the A axis (+ or -, one with respect to each other sheet as in the star of David) in the six sheets are: (2/3,0; -), (0,1/3; + ), (1/3,1/3; -), (2/3,2/3; + ), (0,2/3;-) and (1/3,0,+), while for (2) the positions and orientations are: (2/3,1/3; + ), (0,0; -) (1/3,2/3;+), (2/3,1/3;-), (0,0;+~ and (1/3,2/3;-), both having in the middle a center of symmetry.
Opening the trimers of (2) and rearranging the hydrogen bonds (2ry S) we obtain the packing of (6), which is very similar, in the projection along c, to a sheet of (2) (see Fig. 4 ) and with similar a-and b-axes Table 10 . Main interactions building the packing in the structures of(3), (4), (7) and (8), showing the symmetry involved in the interaction and, in parentheses, the corresponding structural level II represents the centroid of the indicated ring. Ck is the total packing coefficient as measured by the ratio: van der Waals' molecular volume/unit-cell volume. (see Table 11 ). Packing of (6) presents a secondary structure of a helix along the c-axis through hydrogen bonds, with a tertiary structure linking the helices by H...H and H'"O2N interactions (see Table   9 ) and producing a crystal with no quaternary structure. The packing presents three molecules per c-axis, each corresponding to one sheet of (2); which gives 1.361 A interlevels and 129.43 A 2 per helix (the base showing the shift in the sheets with respect to that of (2). (b) A sheet of (5), that referred to as (2/3,0;-), showing the positions of the trimer. area). So, it seems that the helix would collapse into one of the sheets of (2), since leaving out the methyl groups provides more space.
Interatomic distances (A)
Again, in (1), the secondary structure is formed by two hydrogen bonds (see Table 9 and Fig. 5 ), which give rise to a helix along the c-axis that hold four units per c-axis. The helices are joined to give the crystal (3ry S with no 4ry S) through two C--H...ring interactions (see Table 9 ); the other two ring interactions reinforce the helix system, twisting it so as to give the eight shaped chains. The structure can be considered as having a noncrystallographic rhombic base, with 2A = a + b, 2B = a -b and C = c, A = B = 7.626/~ and y'= 114.67 °, so as to give 1.7864 A per unit as the pitch value and 52.58 A per helix.
A different mode of packing is present in the structures of (3), (4), (7) and (8); it consists of dimers [or a tetramer in (4)] for the secondary structure; these form tertiary sheets; the crystal is then built (4ry S) by compacting the sheets. Compound (7) presents a secondary structure formed by dimers through hydrogen bonds (see Table 10 and Fig. 6 ). The presence of NO2 groups allows these hydrogen bonds to bifurcate in planes parallel to b,c to form sheets (3ry S), reinforced by some H...H contacts. The sheets build the crystal Fig. 4 . The packing of (6), showing the helices of the secondary structure, while the projection along c is like a sheet in (2) or (5).
(4ry S) through a methyl-crowded zone perpendicular to the a-axis. Compound (3) presents a packing quite similar to that of (7) (see Table l0 and Fig. 7) , with a secondary structure made of dimers through hydrogen bonds, sheets parallel to the a,b-plane, as in the tertiary structure, and a methyl-full zone perpendicular to c.
Compound (8) has a packing made of slabs across a, alternately ordered and disordered (see Fig. 8 ).
Here, again, we have a secondary structure made of dimers produced by hydrogen bonds. The dimers link among themselves by H...O2N interactions, producing sheets parallel to the b,c-plane. The rest of the interactions, see Table 10 (including the phenylphenyl interactions, which are of the 'T'-type with an average angle of 55°), link the different sheets along the (101) direction, asymmetrizing the molecular interactions around the ordered molecule, while the disordered interactions present a symmetric neighborhood.
The structure of (4) is made of sheets approximately normal to (101) (see Fig. 9 ). The secondary structure is made of tetramers, in an 'eight'-like b . w Fig. 5 . The packing of (1). The helices are distorted from those of (6) so as to give a quite different projection along c. fashion, that links two adjacent sheets. Within each sheet, the H...phenyl interactions (see Table 10 ) are linking the molecules, which are in a quasiperpendicular situation. The sheets present individually the same structure, but one is sheared with respect to the other.
Relationships between crystallography and thermodynamic properties
The structural information gathered from the X-ray analysis is relevant both to the molecular properties of the isolated molecules and to those of the solid. Among the first are the acid-base properties of pyrazoles (Catal~n, Abboud & Elguero, 1987) . We report in Table 12 the pK~ corresponding to equilibria pzH + H + ,~__pzH~ (basic pKa) and pzH,~__pz-+ H + (acid pK~), where pzH is any NH-pyrazole. The values in italics in Table 12 have been calculated 1 0 (6) -0.45 10.65 3, (7) -0.12 11.29 3,5-Diphenyl-4-nitropyrazole (8) ---from (1), which relates both pK/s acid pKa = 11.4 + 0.946 basic pKa, r 2 = 0.98.
Unfortunately, the data for (8) are missing and cannot be estimated. From the pairs (1)- (5) and (2)-(6) the effect of a 4-nitro substituent on the acid-base equilibria can be calculated: Basicity 8pK~ =-4.50, acidity 8pKo = -4.46. In the case of the (3)-(7) pair, these values are -4.06 and -3.84, respectively. We assign these differences (86pK~ = + 0.44 and + 0.62) to the twist of the nitro group in (7) (7), showing the secondary structure due to hydrogen-bonded dimers and the methyl-crowded zone. Fig. 7 . Same as in Fig. 6 but for (3) .
46 ° , (7), the nitro group loses part of its electronwithdrawing ability and the pyrazole becomes relatively more basic and less acidic in character. Concerning the (4)-(8) pair, since the nitro group is almost planar (0-0°), one may expect 6pKa values near -4.5 units. The twist of the phenyl rings, greater in (8) and (4) (Table 7) , could affect the pKa values.
Concerning the thermodynamical properties of the crystal as a whole, we have tried to link up the heats of sublimation and the crystal structure. This is an old and difficult problem. The enthalpy of sublimation at a given temperature is related to the lattice energy U by (2) (Giacovazzo et al., 1992) Asub H° m(T)= U + Ko + 2RT,
where K0, the zero-point energy, is usually very small and 2RT= 5 kJ mol-l at 298.15 K. Thus, in a first approximation, the data of Table 2 can be transformed into lattice energies by simply adding 5 kJ mol-~ to each value. This is not necessary, since we will discuss only relative values, t~AsubH°m(T)= ~U.
The lattice energy can be decomposed into three terms (Giacovazzo et al., 1992) U = nonbonded energy + electrostatic energy + hydrogen bonding (3) Instead of calculating these terms, we will try an empirical approach, our goal being to estimate the hydrogen-bonding term (EHB hereinafter), since the most characteristic property of the NH-pyrazoles is /¢ % Fig. 9 . The slabs in the packing of (4). One sheet (sheet I) is shown beneath, the other being this one shifted so as to superimpose molecule A with molecule B.
the hydrogen-bond network they form when crystallizing.
One first possible approach is to search for relationships between the sublimation enthalpies and some global crystallographic property, such as density, packing function, cell volume etc. This approach, for homologous series, is not as farfetched as it may appear. For heats of vaporization, it has been shown (Cox & Pilcher, 1970 ) that (4) holds for families of compounds
where L is a constant, characteristic of the family, Mw is the molecular weight, and Dt-Dv are the densities of the liquid and vapor. A similar equation for the heat of sublimation of crystals would have the form of (5), assuming that Dc >>> Dv
We have represented in Fig. 10 the scatterplot of A~,b H2 versus Dc/Mw. Some trends are apparent: pyrazoles substituted by H, CH3 and tC4H 9 groups [(1), (2) and (3)] are situated in a straight line with the slope [L]---1828, i.e. when the ratio density/ molecular weight increases, the heat of sublimation decreases. The introduction of a nitro group at position 4 [(5), (6) and (7)] displaces the line towards higher values of A~ubH °, but clearly all these compounds belong to the same family. This is not the case for 3,5-diphenyl derivatives (4) and (8), which behave differently. In all cases, the introduction of a nitro group increases the sublimation enthalpy without modifying the Dc/Mw ratio (3-7, 4-8) or even decreasing it (1) (2) (3) (4) (5) (2) (3) (4) (5) (6) . More examples are needed to confirm these observations or to find another trend.
The relationships represented in Fig. 1 and (3) are mutually consistent only if the E~IB term, absent in benzenes, is constant for all the eight pyrazoles. The two compounds which show the largest deviation from the regression line are (5) (SAsubH°), higher than expected, and (4) (tSZlsubH°), lower than expected. If these differences arise from the EHB term, then in (4) (3,5-di-tert-butylpyrazole) , the HB network is weaker than in other pyrazoles and the opposite for (5) (4-nitropyrazole).
The possibility that the EHB term is not constant, but too small to be significant, can be ruled out on the following considerations. No direct determination of the strength of the hydrogen bonds in NH-pyrazoles is known, but it is possible to estimate its energy by molecule. The N--H...N bond in ammonia (it is important to use neutral molecules) amounts to 16 kJ mol-~ (Bradley & Cleasby, 1953) , 37 kJ mol -~ in the imidazole catamer (ab initio calculations) (Br6das, Poskin, Delhalle, Andr6 & Chojnaki, 1984) and for pyrazole we have calculated 18 kJ mol-1 (Clementi, Corongiu, de Paz & Elguero, 1995) . Since Asub H2 of pyrazole is 74 kJ mol-i, it is evident that the contribution of EHB to U is important and cannot be neglected. Recently (da Silva & Monte, 1992) , it has been described that for a series of six halogen-substituted 8-hydroxyquinolines, there is linear relationship between [AsubH ° (To.5 pa)/kJ mol-1] and T (0.5 Pa), where T (0.5 Pa) is the temperature at which the equilibrium pressure of each substance is 0.5 Pa. To check if this empirical relationship is followed by pyrazoles we have calculated these values (Table 2) . The corresponding plot ( Fig. 1 l) shows two perfect straight lines, one for H-4 pyrazoles [AsubH°m(To.5 aa)/kJ mol-~ = -31.57 + 0.3968 T(0.5 Pa), n = 4, R = 1.00] and the other for 4-nitropyrazoles [AsubH°m(To.5 pa)/kJ mol-1 = -141.75+0.6966+0.3968 T(0.5Pa), n=4, R= 1.00]. In the case of da Silva & Monte (1992) , the slope is 0.313.
Concluding remarks
NH-Pyrazoles are some of the simplest bifunctional heteroaromatic compounds (others include NHimidazoles): they have a hydrogen-bond donor group (HBD), the N--H, and a hydrogen-bond acceptor group (HBA), the N(2) atom, which are of paramount importance for determining their solidstate secondary structure. Nevertheless, the case of compounds (1-8) proves to be too complex for quantitative analysis. Not only as many packing patterns as different pyrazoles were observed, but no rules have been found to predict the order-disorder dichotomy of the N--H...N intermolecular hydrogen bond, which determined the dynamic properties of these crystals (Part II, Limbach et al., 1995) . Moreover, the challenge of establishing relationships between the heats of sublimation and the crystal structure has been only partly met.
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